Successful reconstitution is measured by absorption, fluorescence, circular dichroism, and electron microscopy. The major requirement for reconstitution is the 29-kilodalton colriess polypeptide. In its absence, no phycobilisomes are formed. It is the only colorless polypeptide common to both the PE/PC complex and the PC/PE complex, and appears to be the pobpeptide responsible for rod attachment to the allophycocyanin. In adtion, high phosphate concentrations and 20°C temperatures are needed for reconstitution.
radiating out from a core of APC, with the PC in closest proximity to the APC and with the PE at the peripheral end of the rod. As indicated above, the association of PE and PC within the rods as well as the attachment of the rods to the core may require the presence of colorless polypeptides.
Canaani et al. (2) reported a reassembly of PBsomes from PBsomes partially dissociated in 0.4 M K-phosphate into two fractions separated on discontinuous sucrose gradients. We describe here experiments that show reconstitution of PBsomes from individually separated phycobiliproteins obtained by calcium phosphate chromatography of PBsomes completely dissociated in 10 mM K-phosphate. Necessary conditions are described for PBsome reconstitution, the most critical one being the presence of the 29 kd polypeptide of PBsomes.
MATERIALS AND METHODS
Nostoc sp. (strain Mac) was grown as previously described (13) .
Phycobilisomes were isolated as in Troxler et al. (15) . PBsome pellets were suspended in 50 mm K-phosphate, pH 7, with 0.02% NaN3 and 1 mam PMSF at a protein concentration of 15 mg/ml and dialyzed for 2 h with two changes against 10 mm K-phosphate, pH 7, with 1 mm PMSF. The dialysate was centrifuged for 30 min at 45,000g, and the supernatant was applied to a calcium phosphate column (2.5 x 45 cm) which had been equilibrated with 10 mm K-phosphate buffer, pH 7, containing 100 mm NaCl, 0.02% NaN3, and 1 mm PMSF. The column was developed with the equilibration buffer which eluted PE and PC from the column, while the APC remained adsorbed to the calcium phosphate. This eluate from the brushite column containing a mixture of PE and PC and several colorless polypeptides was then dialyzed against 0.75 M K-phosphate, pH 7, with 0.02% sodium azide and 1 mm PMSF. After dialysis, this fraction is referred to as the 'PE-PC mixture'.
The PE-PC mixture was further fractionated by centrifugation on 0.15 to 0.80 M linear gradients of sucrose in 0.75 M K-phosphate, pH 7, at 40,000 rpm for 16 h in a Beckman SW40 rotor at 20°C. Separated were two phycobiliprotein-containing bands: a slowersedimenting fraction that contained PC and PE in a -4:1 M ratio ('PC/PE complex') and a faster-sedimenting fraction that contained PE to PC in a 2:1 M ratio ('PE/PC complex') (21) . The APC which remained adsorbed to the top of the brushite column was removed from the column and eluted from the brushite by suspension in 400 mm K-phosphate, pH 7, with 0.02% sodium azide and 1 mm PMSF. The APC was concentrated on an GLICK AND ZILINSKAS centrations were estimated by 280 nm A (16) , where an A2ws of 1.0 in a 1-cm pathlength cuvette corresponded to 1.0 mg/ml of protein. These mixtures were dialyzed for 1 to 2 h against 0.75 M K-phosphate, pH 7 . In addition, before application of the dissociated PBsomes to the brushite column, an aliquot was removed and dialyzed against 0.75 M K-phosphate, pH 7 (hereafter called 'directly reassociated PBsomes'). Each ofthe reconstituted PBsome dialysates described above were then centrifuged on the same discontinuous sucrose gradients ordinarily used for PBsome isolation as described earlier (15) . Centrifugation was at 375,000g for 2 h at 200C.
Absorption and fluorescence spectra were measured on reconstituted PBsomes which were removed from the 1.0 M sucrose layer. An aliquot was removed for negative staining; the remainder, after dilution with 0.75 M sodium phosphate, pH 7.0, was centrifuged at 375,000g for 4 h at 20°C; the resulting pellets were treated for gel electrophoresis.
For mM phosphate is quite similar with the only difference being in the decreased prominence of the PE shoulder at 550 nm. The fluorescence emission spectra of the dissociated PE-PC mixture in 10 mm phosphate buffer as eluted from the calcium phosphate column, and the PE-PC mixture after dialysis in 0.75 M K-phosphate, pH 7, are also shown in Figure 1 . With excitation of PE by 530 nm light, reassociation of the PE with PC in high phosphate is seen by the decrease in fluorescence emission at 575 nm (due to PE) and a concomitant increase in fluorescence at 645 nm (due to energy transfer from PE to PC). Figure 1 also shows the absorption and fluorescence spectra of the pool of APC eluted from the brushite with 400 mm K-phosphate, pH 7. It has an absorption maximum at 650 nm and a fluorescence emission maximum at 665 nm. The ratio of absorbance at the visible wavelength maximum to 280 nm A of all biliprotein isolations is~4 to 5, indicating the purity of the samples.
The absorption and fluorescence spectra of the PE/PC and PC/ PE complexes separated from the PE-PC mixture on linear sucrose gradients are shown in Figure 2 . The PE/PC complex contains about twice as much PE as PC on a molar basis, while the PC/PE complex is predominantly made up of PC (21) . There is only a small amount of PE in the PC/PE complex which is seen as a shoulder at 570 nm in the spectrum of the PC/PE complex. The PE/PC complex contains two hexamers of PE and one hexamer of PC (21) , and this is seen in the spectrum as a major absorption band with peaks at 550 and 570 nm (due to PE) and a lesser peak at 620 nm due to PC. Both of the complexes have fluorescence emission maxima at 645 nm when excited with 530 nm light, showing that they are transferring excitation energy from PE to PC.
For PBsome reconstitution experiments, various fractions of dissociated PBsomes were mixed with the APC pool and allowed to reassociate by dialyzing the mixtures in 0.75 M K-phosphate, pH 7, for 2 h at 20°C. After reassociation, the mixtures were layered on discontinuous sucrose gradients routinely employed in PBsome isolation and centrifuged at 375,000g for gradients, PBsomes sedimented to the 1.0 M sucrose layer. When the PE-PC mixture and the APC pool were individually centrifuged on the discontinuous sucrose gradients, the sedimentation patterns were quite different from those of PBsomes (Fig. 3) . Neither the PE-PC mixture nor the APC pool alone is found in the 1.0 M sucrose layer in the gradient. However, when the PE-PC mixture and the APC pool were mixed, PBsomes appeared in the 1.0 M sucrose layer as seen in Figure 3 . Figure 4 shows sucrose gradients of freshly isolated PBsomes (tube 1); directly reassociated PBsomes (tube 2); PBsomes reconstituted from the PE-PC mixture, PE/PC complex, PC/PE complex, each mixed with the APC pool (tubes 3, 4, and 5, respectively). It can be seen that the gradients on which mixtures of the vanous reconstituted PBsomes were applied contain densely pigmented bands that sedimented to the bined material which consists of less than 40%o of the sample layered on the gradient. The absorption spectra of the directly reassociated PBsomes and the PBsomes reconstituted from the separated PE-PC mixture and the APC pool closely correspond to the spectrum of PBsomes used for isolation of these components (Fig. 5A) . The absorption spectra of the PBsomes reconstituted from PE/PC complex and APC and PC/PE complex and APC (Fig. 5B) (15) . However, this is also the case for PBsomes isolated in our laboratory under normal conditions (Fig. 5A) , and is not simply a case of incomplete reassociation.
As seen in Figures 3 and 4 , there are actually two separate PBsome bands on discontinuous sucrose gradients in the 1.0 M sucrose layer. The individual bands were separated and analyzed for their absorption and fluorescence properties and polypeptide compositions. The two PBsome bands within one gradient showed no obvious differences with respect to the above parameters. The lower of the two bands probably represents a fraction that contains aggregates of PBsomes, an effect of Triton treatment during PBsome isolation (5). These two bands have escaped detection earlier in our laboratory and in others which used Triton-X-100 in PBsome isolations in all likelihood by overloading of gradients with sample and the smaller volume of the 1.0 M sucrose step used in the gradients.
The circular dichroism spectra of freshly isolated PBsomes, directly reassociated PBsomes, PBsomes reconstituted from the PE-PC mixture and the APC pool, and the separate PE-PC mixture are shown in Figure 6 . Note the similarity in the three PBsome spectra, particularly the structure at 670 and 650 nm conferred by APC which is absent from the PE-PC mixture. This is an independent measure of the successful reconstitution of the phycobilisomes. The ciruclar dichroism spectra of Nostoc sp. PBsomes show similarities with circular dichroism spectra of PBsomes from Synechococcus sp. 6301 (19) and Fremyella diplosiphon (1 1).
Electron micrographs of negatively stained, freshly isolated PBsomes of Nostoc sp. show that there are several rods radiating from a central core (Fig. 7A) . Partial dissociation (perhaps due to incomplete glutaraldehyde fixation) of some of the freshly isolated PBsomes as well as some of the reconstituted PBsomes as a result of the negative staining procedure necessitated presentation of a representative micrograph ofeach sample in Figure 7 . The number of intact PBsomes in the freshly isolated PBsomes was comparable to that of the reassociated PBsomes. The rods resemble the struc- (Fig. 7 , E and F, respectively) and are composed of three discs about 6 nm thick and 11 nm in diameter. The directly reassociated PBsomes (Fig. 7B) as well as the PBsomes reconstituted from the PE-PC mixture and APC pool (Fig. 7C) , PE/PC complex with the APC pool (Fig. 7D) Figure 7C (indicated by arrow).
Recent models of PBsome ultrastructure have been proposed for a red alga (6, 10) and for several blue-green algae (1, 17) Freshly isolated PBsomes and the various types of reconstituted PBsomes are seen in lanes 8 to 12 (Fig. 8) . Note the presence of all the PBsome bands in the reconstituted PBsomes with the exception of the 95-kd polypeptide. The absence of the 95-kd polypeptide and the apparent increase in the amount of an 80-kd polypeptide in the reconstituted PBsomes is most likely a result of breakdown of the 95-kd polypeptide which occurred in the short time that elapsed (less than 24 h) between isolation of the PE-PC mixture, the APC pool, and the two complexes and reconstitution experiments. The partial breakdown of the 95-kd polypeptide did not prevent PBsome reconstitution, and, therefore, it is not involved in attachment of rods to the PBsome core. However, attempted reconstitution of PBsomes from a PE-PC mixture that lacks the 29-kd polypeptide (Fig. 8, lane 13) and the APC pool (Fig. 8, lane  6) was unsuccessful. Figure 9 shows a discontinuous sucrose gradient of unrecombined PE-PC mixture that lacks the 29-kd polypeptide and the APC pool (tube 3).
The discovery of colorless polypeptides in PBsomes by Tandeau de Marsac and Cohen-Bazire (14) has generated much interest and speculation as to the possible function of these polypeptides. Tandeau de Marsac and Cohen-Bazire (14) first proposed that a possible role of the colorless polypeptides was to 'position' the phycobiliproteins within the PBsomes. Evidence supporting this hypothesis has come from studies of changes in polypeptide patterns on polyacrylamide gels of PBsomes from chromatically adapted blue-green algae. Changes in the relative amounts of colorless polypeptides in response to variations in light quality have been observed (14) Yamanaka and Glazer (18) observed that PBsome degradation in response to nitrogen starvation resulted in the breakdown of a 30-kd colorless PBsome polypeptide of Synechococcus 6301 as well as a decrease in phycocyanin content and sedimentation coefficient of the PBsomes. Williams et al. (17) working with mutants of Synechocystis 6701 with reduced amounts of PE and PC relative to APC observed that the PBsomes of the mutants lacked a polypeptide of mol wt 33.5 kd and contained reduced amounts of polypeptides of mol wt 31.5 and 30.5 kd as compared to wild type PBsomes. The mutant's PBsomes contained incomplete rods or had less than the usual number of the PE-and PCcontaining rods. In other experiments with mutants of Synechococcus 6301, Yamanaka et al. (20) observed that the loss of two colorless polypeptides of mol wt 30 and 33 kd in the mutant corresponded to the loss of PC-containing rods of the PBsomes of this organism. Experiments of Lundell et al. (9) in which rods were made from purified hexameric PC and isolated colorless polypeptides suggest that the 30-and 33-kd polypeptides are involved in the assembly of PC into hexameric discs and rods of stacked discs, while the 27-kd polypeptide terminates rod assembly. Figure 3 .
results of the studies with mutants as well as the work presented here imply that the colorless PBsome polypeptides with mol wts between 30 and 34.5 kd are involved in maintaining structure within the PBsome rods. Furthermore, reconstitution studies of separated biliproteins from PBsomes of the blue-green algae. Phormidium luridum and Nostoc muscorum, also indicate that the absence of a 29-kd polypeptide prevents reassociation of the PBsome rods with the APC core (S. Sallustio and B. A. Zilinskas, unpublished data). It may be that in all blue-green algal PBsomes, the smallest-sized colorless polypeptide is involved in attachment of the rod to the core.
In our experiments described here, we have shown that in the We have established that the 29-kd polypeptide is a necessary condition for PBsome reconstitution. Its role in maintaining PBsome structure is most likely in attaching the PE-PC containing rods to the core of APC. This conclusion follows from several lines of evidence.
(a) It is the only polypeptide common to both the PE/PC complex and the PC/PE complex. These complexes morphologically resemble the rods of PBsomes (Fig. 7) . The other polypeptides of the complexes are necessary for assembly and stabilization of the rods themselves.
(b) The 29-kd polypeptide is not required for association of PE and PC within the rods because PE-PC mixture and the individual complexes that lack the 29-kd polypeptide transfer energy efficiently from PE to PC (data not shown) and have similar sedimentation coefficients as the components containing the 29-kd polypeptide. Association PHYCOBILISOME RECONSTITUTION individual separated APC forms was not successful. This is not unexpected, as it may be possible to attach a rod to a single APC molecule with the addition of the PE-PC mixture to each of the separated APC forms; but, unless the other APC components of the core are present, the attachment of several rods to the APC core resulting in a whole PBsome cannot occur.
Last, we have previously shown (22) that hydrophobic interactions are necessary for structural and functional integrity of the PBsomes. It is interesting to note that Lundell et al. (9) have shown that the colorless polypeptides are hydrophobic proteins. Conditions which favor hydrophobic interactions may provide the optimal conditions for stabilization of PBsome structure by the colorless polypeptides. The requirement for 20°C temperature and high concentrations of phosphate buffer during protein isolation and PBsome reconstitution can be explained by strengthening of hydrophobic interactions by these conditions.
